The influence of the channel-forming compound (amphotericin B) on the ion transport between two aqueous phases (W1 and W2) across the bilayer lipid membrane was electrochemically investigated. Sodium salts of organic acids (Na + Org − ) were used as electrolytes in W1 and W2. When the concentrations of Na + Org − in W1 and W2 are asymmetrically different, the permeabilites of Na + and Org − were estimated from the zero-current membrane potential. In the presence of amphotericin B, the permeability of Org − is larger than that of Na + . It is revealed that the permeability of Org − across the BLM decreases with an increase in molecular weight of Org − . The upper limit of molecular weight on the permeable anion was estimated to be about 230 by the extrapolation. The limit seems to be ascribed to the pore size of the amphotericin B channel.
Introduction
The planar bilayer lipid membrane (BLM) has been frequently used as a model for biomembranes in order to investigate various biofunctions at biomembranes. Amphotericin B (AmB) is a polyene antifungal drug and is well-known as a channel-forming compound. 1 AmB associates with ergosterol or cholesterol, and they aggregate to form a transmembrane channel of monovalent ions such as K + , Na + and Cl ¹ . 1 Since the diameter of the pore size of the largest AmB channel is estimated to be about 8 ¡, 2,3 neutral compounds such as glucose, urea, etc. can also pass through the channel pore. Because AmB channels are used as antibiotics for the treatment of systemic fungal infections, 4 we expect to improve the permeability of organic acid ions which serve as substrates or products in several enzymatic reactions across the cell membranes. Although there are a lot of works on the pore size of AmB channels by conductometry or computer simulation, 5, 6 the transport of an organic acid ion of which radius is still larger than Cl ¹ through AmB channels has not been studied yet. In this work, we investigate the permeability of several organic acid ions through AmB channels by cyclic voltammetry.
Experimental

Chemicals
The lipids used to form BLMs were lecithin (Wako Pure Chem. Ind., Ltd., No. ALQ4013), cholesterol (Kanto Chem. Co., Inc., No. 001G1157), and ergosterol (Tokyo Kasei Kogyo Co., Ltd., No. XZNED). AmB was purchased from Wako Pure Chem. Ind., Ltd., No. TSM1083. All other reagents were of reagent grade and were used without further purification.
Preparation of bilayer lipid membranes (BLMs)
The electrochemical cell used for electrochemical measurements with BLM system was the same as that used in the previous works. 7, 8 Two aqueous phases (W1 and W2), which were filled with 13 mL of aqueous solutions, were separated by a 0.2-mm thick tetrafluoroethylene resin sheet (Mitsui Fluorochemical Co.). BLMs were obtained as black lipid membranes by brushing the n-decane solution of lipids on a 0.8-mm diameter aperture created on the tetrafluoroethylene resin sheet. The formation of BLMs was confirmed by a capacitance measurement and a microscopic observation of internal reflection from the membrane surface. The BLM-forming solution was prepared by dissolving 50 mg of lecithin and 25 mg of cholesterol or ergosterol into n-decane in a 5-mL flask. The aqueous solutions contained 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 10 mM Bis(2-hydroxyethyl)iminotris-(hydroxymethyl)methane (Bis-Tris) (pH 7.4). AmB was dissolved into dimethyl sulfoxide in advance to prepare 1 mM AmB stock solution. The AmB solution was dissolved into both the aqueous solutions at a concentration of 500 nM.
Measurements of voltammograms for the ion transport
across BLMs The voltammogram for the ion transport between W1 and W2 across the BLM was recorded by scanning the potential difference between W1 and W2 (E W1-W2 ) and measuring the current between W1 and W2 (I W1-W2 ). E W1-W2 was applied through two Ag«AgCl electrodes (RE and WE) in W1 and W2 and I W1-W2 was measured with WE and a platinum wire electrode (CE) in W1. In this work, the positive current is defined as the current due to the transfer of positively charged species from W1 to W2 and that of negatively charged species from W2 to W1; the negative current is defined as the current due to the transfer of positively charged species from W2 to W1 and that of negatively charged species from W1 to W2. The ion transport current density, j W1-W2 , was obtained by dividing I W1-W2 by the BLM area {(5.0 « 1.0) © 10 ¹3 cm 2 )}. All voltammograms were measured by scanning E W1-W2 at a rate of 10 mV s
¹1
, and the measurements were performed using a potentiostat Model HSV-100 (Hokuto Denko Co.). The electrochemical cell was placed in a Faraday cage during the measurement in order to decrease electric noises.
After the formation of BLM, AmB was added to both W1 and W2 until the AmB concentrations in W1 and W2 become 5 © 10 ¹7 M. In addition, a sodium salt of an organic acid (Na 
Results and Discussion
3.1 Voltammetry for the ion transport across BLMs in the presence of amphotericin B channels Figure 1 shows cyclic voltammograms for the ion transport across the BLMs between W1 and W2 containing sodium lactate. In the absence of AmB, no faradaic current was observed (curve 1). After AmB channels served as transporters of not only some cations but also some anions [13] were formed in the BLM, a faradaic current that was attributed to the facilitated transport of lactate ion and Na + across a BLM by AmB channels was flowed (curve 2). When the concentration of sodium lactate in W2 was higher than that in W1 (asymmetrical composition), voltammograms became assymmetrical about the origin (0 V, 0 A) (curves 3 and 4). The potential at a zero current shifted to a positive direction with an increase of the concentration of sodium lactate in W2. At the zerocurrent potential, lactate and Na + move from W2 to W1 according to the gradient of the concentration of sodium lactate. Thus, the positive shift of the zero-current potential means the transport of lactate across the BLM is more permeable than that of Na + across the BLM.
When sodium chloride, sodium acetate, sodium ascorbate or sodium gluconate was used as an electrolyte instead of sodium lactate, the waveform of the cyclic voltammogram was similar to that of curve 2. The current density at a certain membrane potential tended to decrease with increasing molecular weight of anion species. In the case of sodium glucoheptonate, cyclic voltammograms were almost symmetrical about the origin (0 V, 0 A) in spite of the ratio of the concentration of sodium glucoheptonate in W1 to that in W2. Then the zero-current potential slightly shifted to the negative direction with increasing molecular weight of anion species, as shown in Table 1 . This result shows the transport of Na + across the BLM is more permeable than that of glucoheptonate across the BLM.
Permeability of various anions through AmB channels
The zero-current potential shifted to the positive direction when most of sodium salts were dissolved in W1 and W2 of which the ionic compositions were asymmetrical. Figure 2 is ] is the concentration of organic acid ion, and subscripts are represented similarly. E W1«BLM , E M and E BLM«W2 indicate an interfacial potential difference between W1 and the BLM, a potential drop within the BLM and an interfacial potential difference between the BLM and W2, respectively. By assuming the electroneutrality in the vicinity of the W1«BLM or BLM«W2 interface, the following relations can be defined.
By considering experimental conditions, Eq. (2) is also obtained.
When a distribution equilibrium between the aqueous and the BLM phases is estimated, a relation among these concentrations is given by Eq. (3). Combination of Eqs. (1), (2) and (3) leads to Eq. (4).
The ion migration in the BLM phase was assumed to be the ratedetermining step. The ion transport of a single-charged cation, Na + , and that of a single-charged anion, Org ¹ , across the BLM will be discussed. According to Goldman's equation, we can estimate the theoretical zero-current potential, and the ion permeability through AmB channels is evaluated quantitatively. 9 The membrane potential observed experimentally (E obs ) is the sum of E W1«BLM , E M and E BLM«W2 . In this model, the sum of E W1«BLM and E BLM«W2 reaches zero because the distribution equilibrium between the aqueous and the BLM phases is established. Hence E obs is almost equal to E M . According to the Goldman's equation, E obs (= E M ) at a zero current is expressed by Eq. (5).
where F, R, T and D mean the Faraday constant (9.6485 © 10 4 C mol ¹1 ), the gas constant (8.3145 mol ¹1 K
¹1
), the absolute temperature (K) and the diffusion coefficient of the ion within the BLM (cm 2 s ¹1 ), respectively. By using Eqs. (1), (4) and (5), E obs is described by Eq. (6) .
Here ¡ means a relative ratio of the permeability (P Org Figure 3 shows the relationship between the molecular weight and ¡. The value of ¡ decreased with an increase in the molecular weight of Org ¹ . According to this tendency, we can estimate the upper limit of molecular weight of permeable anions through AmB channels as approximately 230. Accordingly, it is expected that various organic acid ions served as the substrates of several enzymatic reactions or their products are permeable through AmB channels and that large compounds such as enzymes in biocells or liposomes are impermeable.
Conclusion
AmB channels are finally settled in the BLM as the most stable polymerized species. AmB channels are able to pass organic acid ions such as acetate, lactate, ascorbate, gluconate and glucoheptonate. The upper limit of molecular weight of the permeable compounds through AmB channels is estimated at about 230. Therefore, large compoumds such as enzymes and NADH seems to be unable to permeate across lipid bilayers.
